The time evolution of cosmological parameters in early Universe at the deconfinement transition is studied by an equation of state (EoS) which takes into account the finite baryon density and the background magnetic field. The non perturbative dynamics is described by the Field Correlator Method (FCM) which gives, with a small number of free parameters, a good fit of lattice data. The entire system has two components, i.e. the quark-gluon plasma and the electroweak sector, and the solutions of the Friedmann equation show that the scale factor, a(t), and H(t) = (1/a)da/dt are weakly dependent on the EoS, but the deceleration parameter, q(t), and the jerk, j(t), are strongly modified above the critical temperature T c , corresponding to a critical time t c ≃ 20 − 25µs. The time evolution of the cosmological parameters suggest that above and around T c there is a transient state of acceleration typical of a matter dominated Universe; this is entailed by the QCD strong interaction driven by the presence of massive colored objects.
INTRODUCTION
Lattice simulations of Quantum Chromodynamics (QCD) and phenomenological analyses of relativistic heavy ion collisions data clearly indicate that the transition from quarks and gluons to colorless states occurs in a non perturbative regime such that for large baryon chemical potential, µ B , the transition is first order and for small µ B it is cross-over at a (pseudo) critical temperature T c ≃ 155 ± 15 Mev [1, 2] .
Moreover lattice QCD in a background magnetic field , B, shows [3, 4] that the transition temperature is reduced by the magnetic field and that the thermal QCD medium is paramagnetic around and above the transition temperature.
The previous parameters, T, µ B and B, give different and important informations on the dynamics of the phase transition which, in turn, has strong implications at cosmological level in the early Universe ( see [5, 6] for a recent review).
In particular, the equation of state (EoS) in the quark-gluon plasma phase affects directly the density fluctuactions of the thermodynamic quantities [7] [8] [9] [10] and the emission of gravitational waves [7, [11] [12] [13] [14] [15] during the cosmological evolution.
In ref. [7] the density fluctuactions in the early Universe have been studied by using the MIT bag model EoS and the old lattice QCD EoS with a first order deconfinement phase transition. A more recent and realistic QCD EoS has been introduced in ref. [9] improving the reliability of the calculations of the fluctuactions and of the modifications in the time evolution of the cosmological scale factor a(t). The effects of the external magnetic field on the energy density fluctuations have been considered in ref. [8] by a phenomenological QCD EoS which includes B. An analogous analysis for finite density µ B with different variants of MIT bag model has been carried out in ref. [10] .
The results of the previous studies show a smooth time dependence of the thermodynamic quantities, however they essentially consider the effect of the transition on the thermodynamic fluctuactions and on the scale factor.
In this paper we shall analize the modifications on the early Universe evolution, by using a realistic EoS which depends on T, µ B and B, with a particular focus on the evolution of the cosmological parameters rather than on the fluctuactions.
To describe the EoS in the quark-gluon plasma phase we shall apply the Field Correlator Method (FCM) [16] . This specific choice is motivated by the non perturbative dynamics of the FCM which describes, with a small number of free parameters, lattice data of the thermodynamics quantities ( pressure and energy density) at finite temperature and their dependence on µ B and B [17] [18] [19] . Here we will also show that its extension to a finite B [20, 21] capture correctly the main features of lQCD EoS under a magnetic field.
The discussion of the combined effects of the chemical potential and of the external magnetic field, during the deconfinement transition, in the Friedmann equations is of interest in its own right. However, as we shall see, the most interesting results are on the behavior of the deceleration parameters, q, and the jerk, j, defined as ( ′ indicates the time derivative)
(1)
which have an important role in describing the cosmological evolution [23, 24] .
Indeed, it turns out that the deceleration and the jerk are strongly modified above the critical temperature T c , corresponding to a critical time t c ≃ 20 − 25µs, and that the EoS and the time evolution of the cosmological parameters suggest that above T c the system has the typical behavior of a matter dominated Universe, with clusters of colored particles.
The plane of the paper is as follows. In Sec. 1 we shall consider the relevant cosmological equations and parameters. The FCM, with the dependence on µ B and B is recalled and compared with lattice data in Sec.2. Sec.3 is devoted to the solution of the Friedmann equation with the FCM EoS and Sec.4 contains the electroweak contributions to the EoS of the entire dynamical system. In Sec.5 the results on the cosmological parameters are discussed and our comments and conclusions are in Sec.6.
COSMOLOGICAL PARAMETERS
The parameters H(t) = a ′ /a, q(t)and j(t) can naturally be defined making use of Taylor series for the scale factor a(t) near a generic time t * :
which can be written as
Basic characteristics of the cosmological evolution, both static and dynamical, can be expressed in terms of H 0 , the present time value of H(t), and of the deceleration q 0 . The other parameters, i.e. the higher time derivatives of the scale factor, enable to construct modelindependent kinematics of the cosmological expansion.
Indeed cosmological models can be tested by expressing the Friedmann equation in terms of directly measurable cosmological scalars constructed out of higher derivatives of the scale factor, i.e q, j, .. [23, 24] .
To illustrate this aspect, let us consider a simple two-component Universe filled with nonrelativistic matter with density M m /a 3 and radiation with density M r /a 4 ( M m , M r constants) which do not interact with each other [24] and without a magnetic background. By writing the Friedmann equation in the form (8πG/3 = 1)
and diffrentiating twice with respect to t, one gets
and
Then the deceleration and the jerk can be written as q = A/2 + R and j = A + 3R where A = M m /a 3 H 2 and R = M r /a 4 H 2 . For a flat Universe filled only with non relativistic matter one has R = 0, q = 1/2, A = 1 and j = 1; if one considers only radiation,then A = 0, q = 1, R = 1 and j = 3. A deviation from these values of q and j indicates a mixture of matter and radiation and/or an interaction between the two components.Indeed the same values can be easily obtained by a simple application of the Friedmann equation (for k = 0), written as
by the EoS p = c 2 s ǫ with a constant speed of sound. The analitic solution is
(10) and one obtains
which reproduce the previous values for matter dominated (c 2 s = 0) and radiation dominated (c 2 s = 1/3) Universe.
In general the speed of sound is not constant and in the next sections we shall discuss the behavior of the cosmological parameters q and j during the deconfinement transition on the basis of the Friedmann equation (8) and by using the energy density, ǫ and the pressure, p, in the FCM, after fitting the QCD lattice data at finite temperature, µ B and B.
2.FIELD CORRELATOR METHOD
Many phenomenological models of QCD at finite temperature and density cannot make reliable predictions for the two relevant limits, i.e. high temperature and small chemical potential or high chemical potential and low temperature. This is clearly a serious drawback, since those models cannot be fully tested. One of the few exceptions is the Field Correlator Method (FCM) [16] , which is able to cover the full temperature-chemical potential-magnetic background field space and contains ab initio the property of confinement, which is expected to play a role, at variance with other models like, e.g., the Nambu -Jona Lasinio model. Indeed, the approach based on the FCM provides a systematic tool to treat non perturbative effects in QCD by gauge invariant field correlators and gives a natural treatment of the dynamics of confinement (and of the deconfinement transition) in terms of the Gaussian, i.e. quadratic in the tensor F µν , correlators for the chromo-electric (CE) field, D E and D E 1 , and for the chromo-magnetic field (CM), D H and D H 1 . In particular, these correlators are related to the simplest non trivial 2-point correlators for the CE and CM fields by
where z = x − y and C indicates the CE (E) field or CM (H) field (the minus sign in the previous expression corresponds to the magnetic case) and
is the parallel transporter. The FCM has been extended to finite temperature and chemical potential [17] [18] [19] and the analytical results, in the gaussian approximation, are in good agreement with the lattice data on thermodynamic quantities, (available for small µ B only). Moreover, the application of the FCM for large values of the chemical potential allows to obtain a simple expression of the Equation of State of the quark-gluon matter in the range of the baryon density relevant for the study of neutron stars [25, 26, 28] . magnetic field, B, has been included in the FCM equation of state [20, 21] and the quark (q) pressure and the gluon (g) pressure turn out to be
where φ(µ) ,λ(µ) and τ (µ) are respectively given by 
is the quark-quark interaction potential. In the limit eB → 0 the only non zero terms are λ(µ) and λ(−µ) and the previous formulas reproduce the case µ B = 0 [17] .
In fig. 4 one compares the ratio s/T 3 (s being the entropy density) evaluated in the FCM with lattice data for different values of the background field [29] .
We consider a value of eB = 0.6GeV 2 that corresponds to a maximum estimate of the magnetic field generated at the early times [22] . In some possible scenario also a finite µ B could be still significant (µ B ≈ T ) at the QCD transition [6] . We consider a µ B = 0.4 GeV, but we will see that its impact is however quite limited.
The deconfinement temperature depends on µ B and B and therefore the critical time t c of the transition turns out to be 24 µs, 21.5 µs, 15.6 µs and 13.6 µs respectively for µ B = 0.0GeV and 
3.FRIEDMANN EQUATION AND QUARK-GLUON PLASMA IN THE FCM
In the FCM the EoS of the quark-gluon plasma, i.e. p(ǫ), is obtained by direct calculations of p(T ) and ǫ(T ), which inserted in the Friedman equation (8) give the time dependence of the temperature , T (t), and the corresponding time evolution of the thermodynamic quantities. The arrows in fig.5 (and in the next figures ) correspond to the critical temperatures for the different specific sets of the parameters and therefore to the corresponding critical time, t c , when the phase transition occurs. The critical temperature T c = 160 MeV, for µ B = 0,corresponds to t c ≃ 25µs, which decreases to t c ≃ 22µs for µ B = 0.4 GeV. The curves are also plotted for t > t c , i.e. for temperature below the transition point although the effective degrees of freedom below T c are non included in the present paper.
The equation of state p/ǫ in the FCM, reported in fig. 6 , shows a small dependence on µ B up to 400 MeV.
The role of the background magnetic field in the calculation of T (t) and in the time evolution of the EoS are reported in fig.7 and in fig.8 , which also describe the combined effect of the finite density and of the background magnetic field.
Notice that the results in the MIT bag model ( green curves in figs. 6, 7, 8) are clearly different from the EoS evaluated by the FCM and that the magnetic field B can move down t c by nearly a factor of 2. 
4.ELECTROWEAK CONTRIBUTION TO THE EQUATION OF STATE
The time evolution of the cosmological parameters depend on the EoS of the entire sys- tems and therefore one has to take into account not only the quark-gluon plasma (qgp) degrees of freedom, discussed in the previous section, but also the contributions of the electroweak sector to the pressure, p ew and the energy density, ǫ ew . The total pressure and energy density are there- fore p tot = p qgp + p ew and ǫ tot = ǫ qgp + ǫ ew . The electroweak sector is described as a system of free massless particles, i.e.
with the number of degrees of freedom g ew = 14.45. The temperature profile is almost unmodified by the introduction of the electroweak contributions as one can see from fig.9 , where the curves are plotted for µ B = 0, since the chemical potential produces negligible changes (see figs. 5,6).
On the other hand, the EoS of the entire system strongly reflects the presence of the electroweak terms. In fig. 10 the time evolution of p/ǫ for the entire system is depicted and, indeed, one immediately notes that in the time interval t ≃ 10 − 25µs the electroweak part has a minor role, but near the critical temperature there is a clear change in the shape and the EoS tends to p = ǫ/3, i.e. to a radiation dominated Universe, for long time. The curves are plotted for time longer than t c , just to show the behavior below T c without the contribution of the colorless effective degrees of freedom after the transition, not included in the present analysis and that will be discussed in a forthcoming paper.
5.EVOLUTION OF THE COSMOLOGICAL PARAMETERS
The evolution of the cosmological parameters during the deconfinement transition is directly related with the EoS. In fig. 11 and in fig. 12 are respectively depicted the time behavior of the scale factor and of H(t) for different values of the chemical potential, of the magnetic field and also with/without the electroweak contribution. The final result is essentially independent on the specific setting.
However the deceleration q(t) and the jerk j(t) strongly follows the time evolution of the EoS (in fig. 10 ). Both q and j ( see fig. 13 and fig. 14) after initial values corresponding to a radiation dominated Universe (q ≃ 1, j ≃ 3), tend to q ≃ 1/2 and j ≃ 1, typical of a matter dominated Universe, approaching from above the critical temperature. Indeed, without the electroweak sector the values of the cosmological parameters for time t ≃ 100µs would be the typ- ical ones of a matter dominated Universe. However , near the transition point the electroweak terms in the EoS start to be relevant and therefore q → 1 and j → 3 for long time.
A possible interpretation of this peculiar be- whereas for a radiation dominated one A = 0 and R = 1 and since in eq. (5) there is no interaction between the two components A + R = 1. Of course, this condition in not satisfied by using q and j calculated in the FCM and different values of A and R signal a mixture and/or an interaction between the two components. By using the values of q and j in the FCM, the time evolution of A and R is given in fig. 15 . R decreases from an initial value ≃ 1 to ≃ 0.3 at t ≃ 25µs and to ≃ 0 at t ≃ 32µs and then quickly reaches again the value of a radiation dominated Universe. A has the corresponding evolution , starting from A ≃ 0.0, increasing to a value ≃ 1 at t ≃ 25µs, with a maximum A ≃ 1.8 at t ≃ 35µs, and finally decreasing to A ≃ 0,i.e. a radiation dominated Universe.
Therefore there is a clear mixture of the two components which strongly interact each other.
The observed behavior of A and R implies that above the transition and before the dominance of the electroweak sector, the system has essentially the EoS of interacting matter. On the other hand, above T c the color degrees of freedom are still not neutralized and therefore the previous results suggest the formation of colored and massive clusters near the deconfinement transition before the formation of colorless bound states.
Indeed, this is a well known interpretation of the QCD EoS at finite temperature in terms of quasi-particles where quasi-quarks and quasigluons have a dynamical, temperature dependent, effective masses which mimic the interaction and that near T c are large, i.e. in the range ≃ 0.6 − 1.2 GeV for µ B = 0 = B [31, 32, 34, 35] .
COMMENTS AND CONCLUSIONS
The analysis in the previous sections shows that during the deconfinement transition the time evolution of the scale factor and of H(t) are weakly sensitive to the EoS and that , on the contrary, the cosmological parameters q(t) and j(t) follows the behavior of the ratio p/ǫ. Starting from a radiation dominated Universe, the time evolution of the EoS indicates that above and near the transition time t c the entire system (quark gluon plasma + electroweak sector) is in a matter dominated state (q ≈ 0.5 and j ≈ 1). For longer time, the evolution is again dominated by the radiation EoS.
The introduction of a finite baryon chemical potential and a background magnetic field do not qualitatively change this dynamical picture.
On the other hand, since above and near T c one has color degrees of freedom, the matter state which drive the EoS is , presumably, formed by color massive objects, as suggested by the quasi-particle models [31] [32] [33] . Indeed, the behavior of A(t), i.e. of the matter content of the system, reported in fig. 15 is analogous to the time evolution of the interaction measure (ǫ − 3p)/T 4 , in fig. 16 , where the electroweak sector has no role.
The effective degrees of freedom below T c , i.e. for t > t c , are not included in the present study and the extrapolations for long time give the time evolution of a radiation dominated Universe. On the other hand, below T c and at small baryon chemical potential one expects the formation ofstates which decay in electroweak final states. It is known that a hadron resonance gas model is able to give a good description of the QCD matter down to T ∼ 1/3T c [36, 37] . Includ- ing properly the EoS of hadronic matter probably will lead to further extend the stage of matter dominated dynamics even beyond t ≈ 100fm/c.
